This study investigated how whole-body vibration (WBV), exercise, and their interactions influence core muscle activity in healthy young adults.
Background
Whole-body vibration (WBV) training has been largely used in sports medicine and rehabilitation [1, 2] . Vibration is a kind of oscillatory motion that physiologically stimulates the human body to induce changes and achieve treatment goals [3] . The basic principle of WBV is that subjects are susceptible to three-dimensional vibration stimulation when they stand on a vibrating platform. Vibration then stimulates muscle spindles and activates a-motoneurons [4] . Muscle contraction is often stimulated by a stretch reflex during vibration. WBV alternately stimulates momentary muscle relaxation and contraction, thereby activating muscle and nerve fibers and strengthening the neuromuscular system [5, 6] . Therefore, WBV is utilized to improve various dysfunctions [7, 8] . However, these studies have focused on the effects of vibration training in improving related functions, such as muscle strength and power [9] , balance [10] , bone health [11] , or pain [12] , and studies on the dose-effect relationship have been rarely performed. The human body experiences the effects of amplitude, vibration frequency, and exercise to trigger muscle activities when an individual stands on a vibrating platform [13] , but most studies on WBV have considered only one parameter in testing protocols. Appropriate protocols and dose-response relationship have yet to be established because of lack of relevant research.
To address these knowledge gaps, we applied surface electromyography (sEMG) in this study to observe the recruitment of sEMG signals of the lumbar and abdominal muscles of subjects undergoing training on a vibration platform under different conditions. On the basis of previous studies [14] [15] [16] , we hypothesized that: 1) a high vibration frequency enhances exercise benefits within an appropriate frequency range; 2) different exercise forms activate various lumbar and abdominal muscles; and 3) a significant interaction occurs between exercise and vibration frequency during lumbar and abdominal muscle activation.
Material and Methods

Subjects
Twenty-three healthy volunteers (8 males and 15 females; age: 21.87±2.33 years; weight: 60.21±9.83 kg; height: 168.33±8.52 cm) without any history of remarkable lumbar or lower limb problems and systemic or neurological diseases participated in this study. The exclusion criteria were: (i) prior experience of WBV training, (ii) participation in any systematic training programs at least 2 days per week, (iii) history of operation, severe trauma, and/or fracture, (iv) presence of musculoskeletal diseases, (v) any chronic diseases (e.g., diabetes mellitus and epilepsy), (vi) use of any medication that affects neuromuscular performance the last 2 weeks, and (vii) pregnancy. Demographic characteristics of the participants were obtained at baseline assessment. This study was approved by the Ethics Committee of Shanghai University of Sports, and all subjects gave their informed written consent before joining this study.
Experimental procedure
Equipment and devices
A WBV machine generating vertical vibration was used (AV-009; BodyGreen, Taiwan, China) at a vibration frequency range of 5-35 Hz and an amplitude of 2 mm. MyoResearch XP Master version 1.07.17 (Noraxon, Inc., Scottsdale, USA) was utilized to record the sEMG signals from the target muscles. The method of electrode attachment was based on the European Union recommendation standard.
Experimental program
WBV was administered at 3 different frequencies and 1 amplitude: 5 Hz, 2 mm; 10 Hz, 2 mm; and 15 Hz, 2 mm. The group without any vibration intensity was used to prepare for standardization. All of the subjects were required to practice 4 different exercises forms, producing a total of 16 testing conditions. In total, each exercise was performed for 130 s (4 times for 10 s each time with a 30-s break between each frequency), with a 5-min rest between exercises. While participants performed the exercises, we recorded the lumbar-abdominal muscles sEMG. The sequence of the vibration frequency and exercise performed was randomized for each individual participant to minimize the potential bias arising from order effect. The 4 exercise forms were as follows: (1) For single bridge, subjects flexed one leg and straightened the other leg. They then extended the hip and buttocks and maintained the position; (2) For planking, the patients held a push-up-like position with the body weight on the forearms, elbows, and toes, while keeping the trunk straight; (3) For side stay, they lay on the side and supported the body between the forearm and the knee to the feet; (4) For crunches, they maintained a supine position and curled the shoulders toward the pelvis, and could place their hands behind or beside the neck or crossed over the chest. The WBV group received WBV during the 4 types of exercises, while when no-WBV group performed exercises without WBV. The sEMG signal of the muscle multifidi (MM), rectus abdominis muscle (RM), erector spinae (ES), abdominis obliquus externus (AOE), and abdominis obliquus internus (AOI) of both sides were recorded using the Noraxon system. Data were collected in a single experimental session, and all of the experimental processes were accomplished at the same test sites. Before the subjects began the test, they were instructed by the same therapist to adapt to the training process and repeat the training 3 times. The surface EMG signal of 10 s was recorded, and each training interval was 60 s [17] .
EMG interference test
The subjects kept relaxed and sat next to the vibrator to collect the target muscle's EMG signals for 10 s. The vibration frequencies were set as follows: 0 Hz, 0 mm; 5 Hz, 2 mm; 10 Hz, 2 mm; and 15 Hz, 2 mm. The RMSs of electromyography were calculated and examined by multiple comparison, and the results showed no significant difference between the groups, showing that the vibration instrument and the frequency regulation had no significant effect on the sEMG signal.
Data collection and analysis
EMG data were collected at 1000 Hz by using MyoResearch XP Master version 1.07.17 (Noraxon, Inc., Scottsdale, USA). Each of the 12 groups sustained exercise for 10 s and we recorded the original pyroelectric signal. The original muscle electrical signals from which the sEMG signal of the dominant side was selected were processed with a 10-500 Hz noise by utilizing MATLAB [18] . For the 4 static exercises, the middle 5 s of the data was used to calculate the EMG root mean square (RMS). The RMS represents muscle activation, and a large value indicates high levels of muscle activation [19] . For the standardization of sEMG data, the value of EMG rms under WBV was compared with the value of EMG rms under no-WBV, which was considered as the degree of muscle activity during WBV training [20] .
Data analysis
Statistical analyses were performed with IBM SPSS version 20.0 (IBM, Armonk, NY). Data were reported as mean and standard error. A appropriate ANOVA model would offer information about: (1) The overall effect of vibrational frequency (whether any conspicuous difference in target muscles activation was observe amidst the 4 different frequencies measured), and one-way ANOVA was performed; (2) The primary effect of different exercise forms (whether any overall significant distinction in target muscles activation amidst the 4 exercise forms), and one-way ANOVA was performed; (3) Two-way ANOVA with repeated measures (within-subject factors: frequency, exercise) was used to explore the interaction effect between different vibration frequencies and exercise forms. The statistical significance level was set at p<0.05.
Results Demographics
Twenty-three healthy volunteers (8 males and 15 females; age: 21.87±2.33 years; weight: 60.21±9.83 kg; height: 168.33±8.52 cm) were included in our study. All the participants had their demographic data recorded by the same physical therapist, and all the statistics are expresses as mean and standard deviation. Table 1 shows the muscle activities during different exercises with no-WBV training.
Activity of MM
There were significant differences between diverse frequencies in single bridge (F=25. 406, P<0.001), plank (F=88.703, P<0.001), side stay (F=17.119, P<0.001), and crunches (F=6.802, P<0.001). In different exercises, significant differences were detected at 5 Hz (F=1.005, P=0.394), 10 Hz (F=5.459, P<0.001), and 15 Hz (F=6.376, P<0.001) (Figure 1) . Then, the result of post hoc analysis indicated that the highest muscle activation of MM was observed in crunches with 15 Hz. Significant difference was discovered in the interaction effect of exercise and frequency (F=5.175, P<0.001), indicating that the benefit of WBV on MM was related to these 2 factors.
Activity of RM
The effect of WBV on RM was significantly influenced by different exercises at all 3 frequencies. In different exercises, significant differences were detected at 5 Hz (F=2.435, P=0.070), 10 Hz (F=0.510, P=0.676), and 15 Hz (F=4.063, P=0.009) (Figure 2) . The activation rate of RM was the highest when the vibration condition was 15 Hz with single bridge. Significant differences were discovered in the interaction effect of exercise and frequency (F=4.224, P=0.02). (Figure 3 ). The result of post hoc analysis indicated that the highest muscle activation of ES was observed in crunches with 15 Hz. Significant differences were observed in the interaction effect of exercise and frequency (F=3.054, P=0.020).
Muscle activity of AOE
The effect of WBV on AOE was significantly influenced by different exercises at all 3 frequencies. In different exercises, significant differences were detected at 15 Hz (F=18.987, P<0.001) (Figure 4 ). The result of post hoc analysis indicated that the highest muscle activation of AOE was observed in crunches with 15 Hz. The difference of exercise × frequency interaction effect was significant (F=9.806, P<0.001).
Muscle activity of AOI Significant differences were observed between various frequencies in single bridge (F=32.654, P<0.001), plank (F=4.729, P=0.012), and side stay (F=3.816, P=0.027) (Fig. 5) . No significant differences were detected in various exercises at all 3 frequencies. The result of post hoc analysis indicated that the highest muscle activation of AOE was observed in single bridge with 15 Hz. The differences of exercise × frequency interaction effect were not significant (F=0.990, P=0.378). 
Discussion
This study aimed to explore the effects of WBV on lumbar and abdominal muscle activities during common static core muscle exercises. This study could provide important insights into the effects of complex interactions between exercise and vibration frequencies on lumbar and abdominal muscle activities through a combination of various vibration parameters.
Effects of different frequencies on lumbar and abdominal muscles
Results of our study powerfully support the first hypothesis that high WBV frequencies could effectively induce lumbar and abdominal muscle activities in all of the exercises. The activation rate of all muscles was the highest when the vibration frequency was 15 Hz. The body of an individual is susceptible to low-frequency-low-amplitude mechanical stimuli via a vibrating platform during WBV. Vibration stimulates muscle spindles and sends a nerve impulse to initiate muscle contractions through a tonic vibration reflex [21] . This finding is in agreement with the results of some related studies. For example, Desai [22] reported that the activation rates (RMS% MVC) of RM, AOE, and ES in an unstable plane are significantly higher than those in a stable plane in healthy people and patients with low back pain. Simsek [23] designed an experiment to verify the effects of vertical WBV on the EMG signal responses of leg muscle activities and showed a high-percentage increase in EMG activation at high frequencies (maximum of 40 Hz) and amplitude (4 mm; p < 0.05). Muscles usually need to use more energy to maintain balance in an unstable plane, and the RMSs of EMG increase [24, 25] . In addition, Stania [26] also found that synchronous high-intensity WBV of long duration significantly enhances the activation of the pelvic floor muscles in young continent women. Therefore, our experimental results revealed that 15 Hz was the best frequency of vibration training in all the chosen frequencies.
Effects of different exercises on lumbar and abdominal muscles
The results showed that the single bridge is a better exercise for RM and AOI, whereas crunches are more suitable for MM, ES, and AOE. MM and ES are both back muscles, while RM, AOE, and AOI are abdominal muscles. All of these muscles maintain the stability of the spine, but the best exercises for them vary because of their anatomical characteristics. The MM is made up of a number of fleshy and tendinous fasciculi, which are composed of a groove on either side of the spinous processes of the vertebrae from the sacrum to the axis. Deep in the spine, the MM spans 3 joint segments and stabilizes the joints at each segmental level; although it is a thin muscle, it is essential for spinal stability. Pre-contraction of MM when starting crunches is needed to assure spinal stability [27, 28] . The muscular fibers of the ES form a large fleshy mass that splits in the upper lumbar region into 3 columns -a lateral (iliocostalis), an intermediate (longissimus), and a medial (spinalis); it straightens the back and allows side-to-side rotation [29, 30] . The ES contracts to maintain the longitudinal stability of the spine and resists the gravity of the side of the body to maintain lateral stability, so more motor units should be raised to keep the neutral position and prevent lateral flexion of the spine [31] . In general, single bridge and crunches are good exercise forms for back muscles. Pre-contraction of MM when starting crunches contributes to a stable spine. With the flexion of the spine, the pelvis begins to tilt forward, and this action requires a simultaneous contraction of the hip flexors and the ES. To maintain the stability of the spine, the MM contracts effectively when subjects are performing the crunches, and the ES contracts to help the MM maintain stability at this point.
In general, crunches are the best exercise form for abdominal muscles (RM, AOE, and AOI), and it also showed a wonderful effect on abdominal muscles, especially for AOE, according to the results. In addition, RM and AOI show a better activation rate when performing single bridge training. The RM is a pair of muscles that move vertically on both sides of the front wall of the human abdomen. The AOE is located on the lateral and anterior parts of the abdomen. It is a broad, thin, and irregularly quadrilateral muscle whose muscular portion holds the side. Its aponeurosis is in the anterior wall of the abdomen, and the AOI is deep below the AOE. The RM is an important postural muscle [32] that is in charge of flexing the lumbar spine, as in a crunches. AOE and AOI assist in the process, contribute to intra-abdominal pressure, and play an important role in respiration during forceful exhalation [33] . Intra-abdominal pressure should be increased when the abdomen is rolled up. In this process, abdominal muscles must contract to maintain the inner stability of the core area. The single bridge requires flexing one leg and straightening the other leg, then extending the hip and buttocks and maintaining the position. It should be noted that when performing bridge exercise exercises, the abdomen is topped up by the core muscles. Therefore, abdominal muscles can maintain strong contraction during single bridge training.
In addition, two-way ANOVA with repeated measures revealed significant findings, indicating that interaction effects were observed in different frequencies and exercises. Thus, hypothesis 3 was supported by the results.
Clinical implications
Our study results have certain clinical implications. First, WBV can effectually increase lumbar-abdominal muscle activation rate in healthy adults, showing that it might be a useful adjunct intervention to improve muscle activity, including but not restricted to strength, proprioception, and flexibility [34] [35] [36] . Considering the characteristic of WBV training, we observed that it is a convenient, effective exercise form that can be performed at home. Applying WBV can effectively increase muscle activity, even in a simple static exercise.
Second, we should find the best combination of vibration intensity and exercises because a significant interaction effect was detected in different frequencies and exercises. Our results indicated that the combination of the vibration intensity of 15 Hz and 2 mm and exercise of single bridge or crunches would be the best choice for improving lumbar-abdominal muscle activation rate. Further research is needed to explore more effective vibration combinations.
Limitations
First, the results of this study can only be generalized to healthy young adults (age: 21.87±2.33 years), and the experimental results cannot fully reflect the situation of healthy subjects at different ages. Second, we only chose 4 static exercise forms to test, and appropriate dynamic exercise forms should be further explored. Third, a Notch filter was applied to minimize relevant artifacts, but it unavoidably eliminated the actual muscle activity signals at a particular frequency. To allow impartial contrasts, we should subject all muscle activity signals to the same filtering process.
Conclusions
A high vibration frequency can lead to enhanced exercise benefits within an appropriate frequency range, and different exercises have various effects on different muscles. Single bridge is an appropriate exercise for RM and AOI, and crunches appear to be the best activator of MM, ES, and AOE. To explore the effects of exercising, we should further investigate additional training parameters of WBV and include healthy subjects and patients suffering from various conditions, such as low back pain, in future studies.
